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Abstract- We use a time domain network analyzer
along with a recent improvement to the
transmission/reflection method to determine the
complex permittivity and permeability of a sample in a
coaxial line . Our data show that accurate
measurements can be made without a conventional
frequency domain network analyzer.
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First proposed over twenty-five years ago [1], time
domain network analysis (TDNA) is finally emerging as a
practical, cost-effective alternative to traditional frequency
domain network analysis (FDNA). Recent advances in
instrumentation [2], calibration techniques [3], and
optimization [4] have made TDNA a practical technique
for a variety of implementations, including on-wafer
measurements [5].

In this paper, we apply TDNA to the determination of
complex permittivity and permeability using an improved
transmission/reflection (TR) method [6]. The TR technique
applies a robust algorithm and avoids the ill-conditioning
at frequencies corresponding to integral multiples of one-
half wavelength in the sample. This method is best suited
for high bandwidth measurements of materials with low to
medium values of permittivity. Although time domain
systems have been introduced in the past to characterize
materials [7,8], an affordable system that compares
favorably to accurate FDNA has never been realized.

Our method applies to complex, frequency-dependent
dielectric and magnetic materials. In contrast, simple time
domain reflection (TDR) measurements provide at best
only a frequency-independent estimate of the real part of
the permittivity, and cannot handle materials in which both
the permittivity and permeability are unknown.

To carry out the measurements, an unknown sample,
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whose complex permittivity and permeability we wish to
determine, is placed in a section of coaxial line and
measured with a time domain network analyzer. Coaxial
calibration standards are measured at the same test ports.
Off-line, the waveform records of the samples and the
calibration artifacts are converted to uncorrected frequency-
dependent scattering parameters using a fast Fourier
transform (FFT), and a calibration is performed. The
calibrated scattering parameters of the unknown sample are
then used to determine the complex permittivity and
permeability.

We apply the multiline through-reflect-line (TRL)
calibration [9] to TDNA measurements since this method
permits error correction over a wide frequency band and
fully characterizes the calibration lines.
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We used a time domain network analyzer to collect data
from the unknown samples and calibration artifacts. The
system consists of a digital sampling oscilloscope (DSO)
with time-domain reflection/transmission sample and
source heads, and a personal computer for automated data
acquisition, calibration, and calculation. Three software
programs developed at the National Institute of Standards
and Technology were used: one controls the DSO, acquires
the time domain waveforms, and performs an FFT of the
data;MultiCal implements multiline TRL and corrects for
nonideal characteristic impedance [10]; andEPSMU
determines the complex permittivity and permeability using
the calibrated scattering parameters of the unknown
sample.

For illustration, we chose a ferrite-loaded polymer (FLP)
and a nickel-zinc ferrite (NZF). The FLP was 12.648 mm
in length and the NZF was 5.626 mm. Both materials were
machined into 7 mm coaxial samples. Air gap corrections
were not taken into account for this experiment, since we
were concerned primarily about the relative comparisons
between TDNA and FDNA. Each sample was placed at
one end of a 10 cm long airline.



For TRL standards, we used a set of commercially
available APC-7 artifacts consisting of 2.25, 10, and 30 cm
airlines, and a short circuit termination. We assumed that
our sexless APC-7 connectors mated perfectly with our
lines, allowing a direct connection between the two ports
to serve as a thru line.

For each TDNA measurement, TDR and TDT records
were collected at a sample density of 50 ns-1 using 1024
averages.

For the FDNA measurements, data were taken at
frequencies ranging from 30 MHz to 3 GHz using 256
averages. Since our network analyzer contained only three
samplers, we applied a two-tier calibration [11], the first
tier being an open-short-load-through, and the second tier
a multiline TRL calibration.
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Figures 1-4 plot the real and imaginary parts of the
permittivity and permeability of the FLP. The TDNA
results compare favorably to the FDNA measurements,
although there are some differences. The permittivity
obtained from the TDNA measurements differs by up to
0.3+j0.3. The differences in permeability are limited to
0.1+j0.1 at most frequencies. Figures 5-8 plot the
permittivity and permeability of the NZF. The permittivity
of this sample has a similar range of differences as the
FLP, except at frequencies below 0.2 GHz where
differences approach 1.0+j0.2. The permeability differences
are also relatively similar to those of the FLP but are hard
to distinguish in the plots due to the wide range of
permeability values.
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In conjunction with the improved TR method and an
accurate calibration scheme such as multiline TRL, TDNA
is an accurate and cost-effective tool for determining
complex permittivity and permeability. Our TDNA
measurements of the real part of the permittivity and
permeability showed agreement with FDNA on the order
of 3% or better at most frequencies.
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